In Vivo Flow Dynamics of the Total Cavopulmonary Connection from Three-dimensional Multislice Magnetic Resonance Imaging by Sharma, Shiva et al.
Cleveland State University
EngagedScholarship@CSU
Chemical & Biomedical Engineering Faculty
Publications Chemical & Biomedical Engineering Department
3-2001
In Vivo Flow Dynamics of the Total
Cavopulmonary Connection from Three-
dimensional Multislice Magnetic Resonance
Imaging
Shiva Sharma
Children's Heart Center
Ann E. Ensley
Georgia Institute of Technology
Katherine Hopkins
Georgia Institute of Technology
George P. Chatzimavroudis
Cleveland State University, g.chatzimavroudis@csuohio.edu
Timothy M. Healy
Georgia Institute of Technology
See next page for additional authors
Follow this and additional works at: https://engagedscholarship.csuohio.edu/encbe_facpub
Part of the Bioimaging and Biomedical Optics Commons
How does access to this work benefit you? Let us know!
Publisher's Statement
NOTICE: this is the author’s version of a work that was accepted for publication in Annals of
Thoracic S rgery. Changes resulting from the publishing process, such as peer review, editing,
corrections, structural formatting, and other quality control mechanisms may not be reflected in this
document. Changes may have been made to this work since it was submitted for publication. A
definitive version was subsequently published in Annals of Thoracic Surgery, 71, 3, (March 2001)
DOI 10.1016/S0003-4975(00)02517-0
Repository Citation
Sharma, Shiva; Ensley, Ann E.; Hopkins, Katherine; Chatzimavroudis, George P.; Healy, Timothy M.; Tam, Vincent K.H.; Kanter, Kirk R.; and
Yoganathan, Ajit P., "In Vivo Flow Dynamics of the Total Cavopulmonary Connection from Three-dimensional Multislice Magnetic Resonance
Imaging" (2001). Chemical & Biomedical Engineering Faculty Publications. 105.
https://engagedscholarship.csuohio.edu/encbe_facpub/105
This Article is brought to you for free and open access by the Chemical & Biomedical Engineering Department at EngagedScholarship@CSU. It has
been accepted for inclusion in Chemical & Biomedical Engineering Faculty Publications by an authorized administrator of EngagedScholarship@CSU.
For more information, please contact library.es@csuohio.edu.
Original Citation
Sharma S, Ensley AE, Hopkins K, Chatzimavroudis GP, Healy TM, Tam VKH, Kanter KR, Yoganathan AP. In vivo flow dynamics of
the total cavopulmonary connection from three-dimensional multislice magnetic resonance imaging. Ann Thorac Surg.
2001;71:889-898.
Authors
Shiva Sharma, Ann E. Ensley, Katherine Hopkins, George P. Chatzimavroudis, Timothy M. Healy, Vincent
K.H. Tam, Kirk R. Kanter, and Ajit P. Yoganathan
This article is available at EngagedScholarship@CSU: https://engagedscholarship.csuohio.edu/encbe_facpub/105
In Vivo Flow Dynamics of the Total 
Cavopulmonary Connection From Three-
Dimensional Multislice Magnetic 
Resonance Imaging 
Shiva Sharma, MD, Ann E. Ensley, BS, Katharine Hopkins, MD,
 
George P. Chatzimavroudis, PhD, Timothy M. Healy, BS, Vincent K. H. Tam, MD,
 
Kirk R. Kanter, MD, and Ajit P. Yoganathan, PhD
 
The Children’s Heart Center, Atlanta, Georgia, Department of Cardiothoracic Surgery at Emory University School of Medicine, 
Atlanta, Georgia, School of Biomedical Engineering, Georgia Institute of Technology, Atlanta, Georgia, and Department of 
Chemical Engineering, Cleveland State University, Cleveland, Ohio 
Background. The total cavopulmonary connection 
(TCPC) design continues to be reﬁned on the basis of 
ﬂow analysis at the connection site. These reﬁnements 
are of importance for myocardial energy conservation in 
the univentricular supported circulation. In vivo mag­
netic resonance phase contrast imaging provides semi-
quantitative ﬂow visualization information. The purpose 
of this study was to understand the in vivo TCPC ﬂow 
characteristics obtained by magnetic resonance phase 
contrast imaging and compare the results with our pre­
vious in vitro TCPC ﬂow experiments in an effort to 
further reﬁne TCPC surgical design. 
Methods. Twelve patients with TCPC underwent se­
dated three-dimensional, multislice magnetic resonance 
phase contrast imaging. Seven patients had intraatrial 
lateral tunnel TCPC and 5 had extracardiac TCPC. 
Results. In all patients in both groups a disordered ﬂow 
pattern was observed in the inferior caval portion of the 
TCPC. Flow at the TCPC site appeared to be determined by 
connection geometry, being streamlined at the superior 
Children with an increasingly wide variety of congen­ital heart defects are undergoing the univentricular 
supported total cavopulmonary connection (TCPC) oper­
ation as their deﬁnitive repair. Many variables determine 
the clinical outcome of these patients [1, 2]. One of the 
variables that allows some degree of control is the surgically 
created geometry of the TCPC. Currently, several geometric 
designs of TCPC are being practiced in different institutions 
[3–5]. A major consideration in designing the TCPC is to 
optimize ﬂow energetics in the univentricular-supported 
circulation as that would lower systemic venous pressures 
and also decrease the work load of the ventricle. Several in 
vitro and in vivo studies have compared the atriopulmo­
nary connection with the TCPC and have demonstrated 
vena cava–pulmonary junction when the superior vena 
cava was offset and ﬂared toward the left pulmonary artery. 
Without caval offset, intense swirling and dominance of 
superior vena caval ﬂow was observed. In TCPC with 
bilateral superior vena cavae, the ﬂow patterns observed 
included secondary vortices, a central stagnation point, and 
inﬂux of the superior vena cava ﬂow into the inferior caval 
conduit. A comparative analysis of in vivo ﬂow and our 
previous in vitro ﬂow data from glass model prototypes of 
TCPC demonstrated signiﬁcant similarities in ﬂow distur­
bances. Three-dimensional magnetic resonance phase con­
trast imaging in multiple coronal planes enabled a compre­
hensive semiquantitative ﬂow analysis. The data are 
presented in traditional instantaneous images and in ani­
mated format for interactive display of the ﬂow dynamics. 
Conclusions. Flow in the inferior caval portion of the 
TCPC is disordered, and the TCPC geometry determines 
ﬂow characteristics. 
improvement in ﬂow energetics in the latter design [6–9]. 
However, the ﬂow dynamics of the different types of TCPC 
designs have not been described in any in vivo study. 
In our in vitro experiments we studied three different 
designs of the TCPC with quantitative assessment of 
energy losses and correlated the losses with ﬂow visual­
ization [7, 10, 11]. This gave information regarding con­
nections that would conserve energy and those that were 
particularly detrimental in this regard. On the basis of 
this information, we modiﬁed our TCPC design. Cur­
Table 1. Patient Characteristics 
TCPC Time Fenestration 
Patient No. General Diagnosis Connection Age at Scan Elapsed Status 
1 TA, D-TGA IA 76 mo 48 mo Closed 
2 DORV, Sub PS, Bilateral SVC IA 99 mo 70 mo Closed 
3 HLHS EC 23 mo 2 mo Open 
4 TA IA 103 mo 60 mo Closed 
5 Unbalanced AVSD EC 36 mo 8 mo Open 
6 DILV w/Vent Inversion IA 224 mo 90 mo Closed 
7 DILV, D-TGA, Bilateral SVC IA 51 mo 24 mo Open 
8 TA IA 104 mo 66 mo Open 
9 Ventricular Inversion IA 111 mo 72 mo Closed 
Pulmonary Atresia 
10 Interrupted Ao Arch EC 36 mo 11 mo Open 
Sub AS 
11 HLHS EC 21 mo 3 mo Open 
12 HLHS EC 24 mo 3 mo Open 
AS = aortic stenosis; AVSD = atrioventricular septal defect; EC = extracardiac connection; IA = intraatrial tunnel connection; D-TGA = 
d-transposition of great arteries; HLHS = hypoplastic left heart syndrome; TA = tricuspid atresia; DILV = double inlet left ventricle; DORV = 
double outlet right ventricle; SVC = superior vena cava; PS = pulmonic stenosis. 
rently, at our institution, two types of TCPC are per­
formed by us: A lateral intraatrial tunnel and an extra-
cardiac conduit. 
The ﬂow characteristics within the TCPC are time 
varying and likely to be spatially complex. Magnetic 
resonance phase contrast imaging has become estab­
lished as the only method available for providing time-
dependent velocity mapping of ﬂow, which gives both 
direction and magnitude of ﬂow. It is unique in its ability 
to acquire three-dimensional velocity encoding. When 
such acquisition is done in multiple slices in the coronal 
planes through the TCPC, a reasonably complete repre­
sentation of ﬂow characteristics is obtained. 
The purpose of this study was to deﬁne the in vivo ﬂow 
characteristics of the above mentioned two types of 
TCPC by magnetic resonance phase contrast imaging 
and compare the results with our previous in vitro ﬂow 
analysis for possible further energy conserving reﬁne­
ments of TCPC design. 
Material and Methods 
Patients 
From 20 patients who underwent magnetic resonance 
scans, 12 patients had complete studies and form the 
study group. In 8 of 20 patients, studies were excluded for 
movement artifact due to patient awakening [3], artifact 
from coils in systemic pulmonary collaterals [1], insufﬁ­
cient scan time [3], and a technical masking error [1]. The 
study protocol was approved by the Institutional Review 
Board of Emory University School of Medicine and 
informed consent was obtained from parents. The stud­
ies were fully funded by American Heart Association 
(Georgia Afﬁliate) Grant for the study period from July 
1996 to July 1999. 
The patients were operated on by surgeons KRK and 
VKHT and all patients had undergone a previous bidi­
rectional Glenn anastomosis. Table 1 describes the basic 
diagnosis of patients studied, the age at time of scan, 
elapsed time between operation and scan, the type of 
conduit used, and the status of the fenestration. Two 
patients with bilateral superior vena cavae (SVC) under­
went bilateral Glenn anastomoses. All patients operated 
on by KRK underwent Intraatrial lateral TCPC and the 
patients operated on by VKHT underwent an extracar­
diac TCPC and these conduits will be referred to as 
inferior caval conduits (ICC). The median time elapsed 
between date of operation and date of scan was 13 
months (Table 1). All patients in the study group had 
undergone echocardiography within 6 months of the 
scan and the status of the fenestrations in the inferior 
caval conduit was determined by the echocardiogram. 
Magnetic Resonance Imaging Protocol 
The magnetic resonance images used in this study were 
acquired using a 1.5-T whole-body clinical scanner (GE 
Medical Systems, Milwaukee, WI). Coronal and axial 
scout images were used to localize the TCPC site in 
addition to the use of a standard clinical T1 spin-echo 
acquisition. These images served as a reference from 
which coronal slices encompassing the connection could 
be located for ﬂow quantiﬁcation. 
Once slice locations were determined, velocity data 
were acquired using a cine PC gradient-echo pulse 
sequence. Three to ﬁve contiguous coronal slices with a 
thickness of 5 mm were acquired during this phase of the 
examination. Velocity was encoded in each slice along 
three principal directions: superior–inferior, right–left, 
and anterior–posterior. Respiratory and retrospective 
electrocardiographic gating were used to acquire 16 
phases in each axis during the cardiac cycle. This was 
done with a temporal resolution of 31 milliseconds, 
Respiratory gating was such that acquisitions were done 
at the nadir of respiratory excursion. Imaging data were 
Table 2. Imaging Parameters for the Cine PC Gradient-Echo 
Velocity Encoding Acquisitions 
Pulse Sequence Cine PC Gradient-Echo 
Number of slices 1–5 
Slice thickness (mm) 5 
Field of view (mm X mm) 200 X 200 
Flip angle (°) 35 
Repetition time (ms) 23 
Echo time (ms) 6.2 
Number of signals averaged 2 
Matrix size 256 X 256 
Velocity encoding value (cm/s) 70 
held ﬁxed for each acquisition; these values are summa­
rized in Table 2. The total examination time was approx­
imately 75 minutes. To minimize imaging artifacts asso­
ciated with movement of patients during the acquisition, 
the patients less than 10 years of age were sedated with 
intravenous nembutal (4 to 6 mg/kg). The patients were 
continuously monitored by pulse oximetry and electro­
cardiogram. None of the patients demonstrated any 
signiﬁcant arterial oxygen desaturation or any 
bradycardia. 
After the examination, the images were downloaded 
from the scanner to a Sun SPARC station (Sun Microsys­
tems, Mountain View, CA). Image masking, data trans­
lation, and visualization were then performed on a Win­
dows-based PC (Toshiba American Information Systems, 
Inc, Irvine, CA). Transform (Fortner Research, LLC, Ster­
ling, VA) software was used to select the region of 
interest, creating a mask of that region, and ﬁltering the 
data using this region of interest mask. The region of 
interest of the TCPC, including SVC, ICC, and pulmo­
nary arteries (PA) was outlined manually using the 
magnitude images that clearly showed the varying con­
trast of the TCPC connection. A series of macros, written 
in the Georgia Tech Cardiovascular Fluid Mechanics 
Laboratory were then used to automate the system by 
creating a mask based on the outlined region of interest 
and ﬁltering the remaining data to keep only the velocity 
information inside the TCPC. The resulting ﬁles from 
Transform were in format and using the method de­
scribed by Healy and colleagues [12] were loaded into 
Tecplot (Amtec Engineering, Bellevue, WA) for visualiza­
tion. In 4 patients the coronal plane dataset was cut in 
three sagittal planes along the lines shown in the inset of 
Figure 1. Figure 1 itself represents the sagittal cuts that 
are derived from patient 1 and represent the orthogonal 
views to Figure 2. 
Results 
Anatomy of Connection Types 
Five patients had an extracardiac TCPC. All of these 
patients had undergone a previous bidirectional Glenn 
anastomosis in which the SVC was preferentially ﬂared 
Fig 1. Vector maps from sagittal views cut along the lines shown in 
the inset of the coronal plane of patient 1. The maps display the 
helical ﬂow set up at the connection site with the anterior–posterior 
vectors proﬁled clearly. 
open toward the left PA. The extracardiac conduit con­
sisted of aortic homograft material and was curved on the 
right and anterior portion of the right atrium and con-
Fig 2. A vector map in a coronal slice from the same patient as in 
Figure 6 (Patient 1). Note the disordered ﬂow in the inferior caval 
conduit. The increased superior vena caval velocity and its domi­
nance is demonstrated by the inferior displacement of the stagnation 
line. (ICC = inferior caval conduits; LPA = left pulmonary artery; 
RPA = right pulmonary artery; SVC = superior vena cava.) 
Fig 3. (A) Schematic of extracardiac total cavopulmonary connection 
with the superior vena caval offset and ﬂared toward the left pulmo­
nary artery. (B) Magnetic resonance magnitude image of a coronal 
slice from an extracardiac type of total cavopulmonary connection. 
Note the waist at the midinferior caval conduit level. This ﬁgure 
corresponds with Figure 5 and Patient 11. 
nected to the right PA in a bilaterally ﬂared open design 
(Fig 3). 
Seven patients had an intraatrial lateral tunnel TCPC. In 
Fig 4. A vector map in a coronal slice from a patient with bilateral 
superior vena cava (Patient 7). The picture demonstrated a complex 
anteriorly directed swirl in the lower inferior caval conduit from 
which an area of acceleration emerges. Note superior vena caval 
ﬂow inﬂux into inferior caval conduit and secondary swirl in the left 
pulmonary artery. (ICC = inferior caval conduits; LPA = left pul­
monary artery; LSVC = left superior vena cava; RSVC = right su­
perior vena cava; SVC = superior vena cava.) 
these patients the SVC connection with the right PA was 
ﬂared but not preferentially toward either side. The ICC 
was brought intraatrially and connected to the left of the 
SVC–right PA anastomosis and ﬂared open in all directions. 
Two patients had bilateral SVCs. The material used for the 
lower part of the ICC was a hemicylinderical Gore-Tex graft 
(W. L. Gore & Associates, Flagstaff, AZ) and at the pulmo­
nary artery end the patient’s right atrial appendage was 
used to complete the connection. 
The 2 patients with bilateral SVCs formed a subtype of 
TCPC connection. These patients did not have any addi­
tional systemic or pulmonary venous anomalies to sug­
gest heterotaxy syndrome. Both patients had an intra­
atrial ICC that connected between the two superior caval 
connections and little closer to the right SVC (Fig 4). 
The results are divided into the ﬂow observations 
made at three arbitrary components of the TCPC, that is, 
the superior cavae and inferior caval conduit, the cavo­
pulmonary connection site, and the branch pulmonary 
arteries. These components were difﬁcult to visualize in 
any single coronal slice and in each patient multiple 
slices were viewed to completely analyze the TCPC ﬂow 
dynamics. 
Inferior Caval Conduit and SVC Flow 
Figures 2, 4, and 5 are vector maps of coronal slices that 
demonstrate SVC and ICC ﬂow. Figures 2 and 4 (patients 
1 and 7, respectively) represent examples of the intra­
atrial type of TCPC and Figure 5 is an extracardiac type of 
TCPC (patient 11). The ﬂow depicted is representative of 
ﬂows seen in the ICC and SVC of the total patient group. 
Each ﬁgure has a vector scale in centimeters per second 
with assignment of red hues to the component of velocity 
directed anteriorly and blue hues to that directed poste­
riorly. Figure 1 shows the three sagittal views of the 
TCPC as obtained by slicing the coronal planes along the 
lines shown in the inset. We observed that the ICC ﬂow 
had overall lower velocities (shorter arrow lengths) than 
the SVC ﬂow. The SVC ﬂow was observed to be smooth 
and streamlined in all patients. It appeared to be poste­
riorly directed (Fig 1). The ICC ﬂow, as observed in 
Figures 1, 2, 4, and 5, was disordered in all patients. 
Circular swirling ﬂow was noted in several areas. Multi­
ple stagnation points with very small vectors were ob­
served in random places along the pathway (arrows). 
Figure 5 demonstrates an area of increased velocity ﬂow 
directed anteriorly in the lower portion of the ICC. It 
appears to originate from the region of hepatic veins. 
Fig 5. A vector map in a coronal slice from the patient in Figure 3B 
(Patient 11). Note the increased velocity ﬂow in the inferior caval 
conduit. Streamlined superior vena cava and left pulmonary artery 
ﬂow can be seen as well as a secondary swirl. (ICC = inferior caval 
conduits; LPA = left pulmonary artery; SVC = superior vena 
cava.) 
Fig 6. Magnetic resonance magnitude image taken from coronal 
slice of a patient with an intraatrial type total cavopulmonary con­
nection with no offset. This ﬁgure corresponds with 
Figure 2 and Figure 1 inset. 
This type of ﬂow was observed in 7 of 12 patients. In 1 
patient a reversal of ﬂow into the hepatic vein was 
observed in diastole for the duration of two phases. 
The animation displays all 16 phases that were ac­
quired. The high velocity ﬂow in the lower ICC appeared 
to originate from the region of the hepatic veins and was 
observed to be phasic, present in the mid-phases corre­
sponding with late systole and early diastole. This is best 
seen in the animation of Figure 5. The animation of 
Figure 4 also shows a similar area of increased velocity 
directed anteriorly. However, it appears more complex as 
it appears to originate from a circular swirl. The stagna­
tion points in the patients did not appear to have any 
ﬁxed spatial or temporal relationship. Details of circular 
swirling can be observed. We were unable to localize the 
fenestration in patients in whom we believed it to be 
open by echocardiography. In all patients the disordered 
ﬂow appeared to be present throughout the conduit and 
was not more pronounced near the walls. In Figure 5 a 
waist is noted at the midconduit level corresponding to 
the waist noted from the magnitude image (Fig 3B). Flow 
upstream from this region appears more uniform, albeit 
in later phases; it is also disordered. However, ﬂow 
downstream from this junction appears more disordered. 
Flow at Connection Site 
NO OFFSET. In 1 patient, with no offset (Fig 2 and Fig 6), 
there was a direct collision of caval ﬂow with intense 
interaction. At the site of collision, however, a linear 
region of low velocity ﬂow was noted. This is referred to 
as the line of stagnation and is better depicted in the 
Figure 2 animation. The dominance of SVC velocity was 
evident by a stagnation line that was closer to the ICC 
Fig 7. A vector map in the coronal plane of the branch pulmonary 
arteries demonstrating posteriorly directed ﬂow. (LPA = left pulmo­
nary artery; RPA = right pulmonary artery.) 
end (arrow). Adjacent to the collision site an anterior– 
posterior/inferior–superior swirl was observed and was 
best seen in the sagittal view (Fig 1). At this site, the ﬂow 
from the SVC was ﬁrst directed posteriorly and then it 
curved around to turn inferior and then anteriorly. This 
pattern was noted throughout the length of the connec­
tion site and gave rise to a helical ﬂow pattern. 
In the animation (Fig 2 animation) the dominance of 
SVC ﬂow is fully appreciated with the line of stagnation 
displaced more inferiorly. The nature of the intense caval 
interaction was better deﬁned. The circular ﬂow pattern 
can now be fully observed with a rotational axis that lies 
predominantly in the anterior–posterior and superior– 
inferior planes. This feature is easier to see in the orthog­
onal plane to Figure 2, which is represented in Figure 1 
animation. 
WITH OFFSET. Figure 5 is a representative case of caval offset 
at the connection and shows the SVC offset and ﬂared 
preferentially toward the left PA and the extracardiac 
ICC brought to the right of this junction. Streamlined 
ﬂow with unidirectionality of arrows was noted toward 
the left PA from the SVC in all 5 patients. In 3 patients, 
ﬂow from the right side of the SVC turned toward the 
right PA to set up a swirling secondary ﬂow in the region 
of offset between the two caval ﬂows. From this swirling, 
mixing of caval ﬂows was evident. The patients with 
intraatrial type of TCPC (patients 4, 6, 8, 9) who had their 
intraatrial ICC brought to the left of the SVC connection 
site and ﬂared open, demonstrated relatively smooth 
ﬂow at connection site, albeit with secondary circular 
swirls. 
Figure 5 animation demonstrates that the swirling 
vortex at the offset junction appears to have a predomi­
nant right–left and superior–inferior rotational axis. In 
this animation a smaller swirl is noted in the inferior 
portion of the PA opposite the SVC connection. This swirl 
possibly occupies the site of the main PA stump and 
appears to cushion the SVC ﬂow that splits toward the 
right PA. 
BILATERAL SVC. Figure 4 is a vector map that demonstrates 
the TCPC with bilateral SVC. In this instantaneous 
phase, the dominant SVC ﬂow is noted to inﬂux into the 
ICC. An area of circular swirling is observed at the 
proximal left PA just lateral to the left SVC. The ICC 
appears dilated and disordered ﬂow is observed in it. 
In the patients with bilateral SVC, the animation alone 
gave a full appreciation of the rhythmic alternation of 
ﬂows to the PAs from the two SVCs and the ICC, each of 
which lasts about three phases (Fig 4 animation). The 
central stagnation is observed only in early phases. 
Secondary circular swirling lateral to the left PA is 
observed to be phasic. There is clear demonstration of 
ICC ﬂow split to both PAs with the appearance of a more 
dominant ﬂow toward the left PA as compared to the 
split toward the right PA. 
BRANCH PA FLOW. Figure 7 shows the proximal branch PAs, 
which were located in the posterior slice of our patients. 
Left PA ﬂow appeared to be streamlined in all 5 patients 
in whom the SVC was ﬂared toward the left PA (Fig 5). 
Localized swirling ﬂows were noted in both branch PAs 
in patients with bilateral SVCs (Fig 4). The biphasic 
nature of ﬂow in the PA branches was readily seen in the 
animation where ﬂow was observed to slow considerably 
in the midportion of the phases. During the phase of 
slowing a helical pattern of swirling was observed. 
Comment 
Many institutions have achieved high early survival 
results after the TCPC [1, 3]. Attention has now been 
directed at improving the functional outcome of children 
after the TCPC chieﬂy by optimizing the surgical design 
of the TCPC to conserve energy. It was de Leval’s 
landmark in vitro experimental work that ﬁrst demon­
strated energy conservation in the TCPC as opposed to 
the atriopulmonary connection [6]. Subsequently, an in 
vivo magnetic resonance imaging study has also demon­
strated improved ﬂow dynamics in the TCPC over the 
atriopulmonary connection [9]. In a recent study, compu­
tational modeling of different types of TCPC demon­
strated that offsetting of the caval connection was efﬁcient 
[13]. Paralleling the in vitro studies and learning from the 
insights therein, many institutions have continued to 
modify the TCPC design. In our institution, two predom­
inant types of TCPC are performed. In both types, offset­
ting and ﬂaring is done at the connection site and these 
modiﬁcations were signiﬁcantly inﬂuenced by the ﬁnd­
ings of our in vitro experiments. 
To date, a comprehensive analysis of the ﬂow charac­
teristics in different designs of TCPC has not been made. 
Magnetic resonance phase contrast imaging-derived ﬂow 
visualization offers interactive and intuitive appreciation 
of ﬂow characteristics and lends itself to comparison with 
in vitro ﬂow visualization. We observed ﬂow character­
istics that have not been described thus far. 
Inferior Caval Conduit Flow 
Surprisingly, we found a signiﬁcantly disordered ﬂow 
pattern in the ICC of all our patients. This ﬂow pattern 
appeared to be independent of type of connection, pres­
ence or absence of fenestration, or type of graft material 
used. Our ﬁndings differ from Fogel and colleagues [14] 
who, using bolus tagging magnetic resonance imaging 
methods, found no evidence of disordered ﬂow any­
where in the systemic venous pathway. However, they 
did note the highest velocity as well as the maximum 
variation in velocity at the midbafﬂe level of the inferior 
caval pathway and speculated several causes for this 
variation in ﬂow velocity, including the effects of motion 
of nearby cardiac structures, the effects of respiration, 
and the effects of synthetic material. Although we agree 
with these speculations, other possibilities exist. Larado 
and associates [15] have studied the effect of inferior vena 
cava to extracardiac conduit diameter ratio in their in 
vitro TCPC animal model. They measured 13% higher 
energy dissipation in the models with conduit diameter 
1.5 inferior vena cava than compared to 1.0 IVC and 
attributed this to ﬂow expansion effects that cause ﬂow 
separation and loss of streamlined ﬂow. Our observa­
tions of disordered ICC ﬂow could be partially explained 
by the same phenomenon as some of our patients dem­
onstrated that the ICC was larger than the IVC. However, 
this was not systematically studied by us as it was not 
anticipated at the time of scan acquisition. Nevertheless, 
our study does support the following additional specula­
tions of disordered ICC ﬂow. 
1. The ICC did not appear to be a uniform structure as 
is evident from Figures 2, 4, and 5. In Figure 5, the 
disordered ﬂow appeared to be related to the waist 
at the midbafﬂe level. 
2. A region of increased ﬂow velocity was observed in 
the upstream portion of ICC in several patients and 
appeared to originate from the hepatic veins. A 
recent study concluded that hepatic venous ﬂow in 
TCPC patients is immensely augmented in inspira­
tion and it is possible that the disordered ICC ﬂow 
observed in our study is also due to this phenome­
non [16]. At the superior end of the connection, SVC 
inﬂux into the conduit was noted in 3 patients 
despite offsetting of the SVC. In 2 of these patients 
there were bilateral SVCs. The observation of SVC 
ﬂow inﬂux into the ICC, despite offsetting, under­
scores the need to understand offsetting and ﬂaring 
more fully and will be discussed later. It appears 
Fig 8. Particle ﬂow visualization in the ﬂared and 14-mm offset in 
vitro total cavopulmonary connection glass model. The superior vena 
cava-to-inferior caval conduit ﬂow ratio was 40:60 with 70% of total 
ﬂow (4 L/min) directed to the right pulmonary artery. A swirl is 
noted in the pulmonary artery between the two caval offsets. 
that the inﬂuxes at both ends of ICC contributed to 
the overall disordered appearance of ﬂow in some 
patients. 
3. There appeared to be no correlation between the 
presence or absence of fenestration and ICC ﬂow 
disturbances. In fact, the fenestration could not be 
localized in any of our patients by magnetic reso­
nance phase contrast imaging and was documented 
by echocardiography alone. However, ﬂow distur­
bances are likely to be set up by narrowed exits like 
fenestrations and may have played a role in forming 
the disordered ﬂow of some patients. 
Irrespective of the cause, we believe the disordered ﬂow 
in ICC is likely to cause signiﬁcant energy loss and needs 
further elucidation, including a detailed ﬂow analysis of 
the hepatic vein–IVC conduit junction. 
Relationship of Connection Geometry and Flow 
A number of different caval connections were studied 
and a signiﬁcant relationship emerged between the ge­
ometry of connection and ﬂow. When the cavae were not 
offset from each other, intense caval ﬂow interaction was 
observed. In this interaction the dominant ﬂow was from 
the SVC. This is a consequence of the smaller size of the 
SVC compared to the ICC. Although, the ICC contributes 
about 60% of the ﬂow to the connection [3], its larger size 
reduces the velocity required to deliver this ﬂow and 
hence there is a lower kinetic energy per unit mass of 
blood in it than is in the SVC. When the SVC was ﬂared 
preferentially toward the left PA and ICC toward the 
right PA the interaction was less, although secondary 
swirls were noted. When the opposite type of ﬂaring and 
offset was done as in the intraatrial type of TCPC, again 
the ﬂow interaction was less. When the SVC was ﬂared in 
Fig 9. Schematics of total cavopulmonary connections that are desir­
able and undesirable. (IVC = inferior vena cava; LPA = left pul­
monary artery; LSVC = left superior vena cava; RPA = right pul­
monary artery; RSVC = right superior vena cava; SVC = superior 
vena cava.) 
a manner that directed ﬂow toward the ICC, inﬂux of 
SVC ﬂow into the ICC resulted in disordered ﬂow. These 
observations underscore the importance of connection 
geometry in conserving energy as is borne out by our in 
vitro studies of similar connection geometry [11]. 
Branch Pulmonary Artery Flow 
The branch PAs by virtue of lying in different planes were 
difﬁcult to image completely. However, the proximal 
branches were visible and demonstrated secondary 
swirls that were most likely generated from the connec­
tion site. Helical ﬂow patterns noted in our in vitro study 
could not be observed in vivo in the branch PAs. How­
ever, at the connection site of the zero offset patient such 
helical patterns were observed and we believe that these 
would be present at least to some extent in the branches, 
as the genesis of helical ﬂow patterns is the caval inter­
action of ﬂow. Morgan and colleagues [17] have de­
scribed circular swirling patterns in the branch PAs of 
their TCPC patients. Their analysis was performed in the 
cross-sectional plane of the branch PAs and perhaps it is 
a more sensitive method for analyzing branch PA ﬂow. 
Branch PA ﬂow observed in our study was biphasic and 
agrees with other studies in this regard [18, 19]. 
Comparative Analysis of In Vivo and In Vitro Flow 
Patterns 
The range of in vitro glass models studied by us included 
designs that resembled the geometry of TCPC that are 
done at our institution and thus the in vivo and in vitro 
ﬂow dynamics could be compared. This was also enabled 
by our ability to visualize ﬂow by both methods (Fig 8). 
The ﬂow patterns observed by MRCPI appeared sim­
ilar in many regards to those observed in our glass model 
experiments. When the SVC was ﬂared toward the left 
PA, streamlined ﬂow in the SVC remained streamlined in 
the left PA. This was observed by both methods (Figs 5 
and 8). Flow appeared to split off the SVC toward the 
right PA in both ﬂow visualizations. A circular swirl in 
the region of the offset was clearly observed by both 
methods. 
When the cavae were not offset but ﬂared, there was 
intense caval ﬂow interaction producing a circular ante­
rior–posterior swirl that extended toward the PAs. This 
was more noticeable in the sagittal views (Fig 1). Similar 
circular swirls were noted in the geometry matched in 
vitro model. Morgan and colleagues [17], who described 
similar circular swirls in cross-sectional views of the PA, 
calculated high circumferential shear stresses due to this 
swirling motion and speculated the effects of this on the 
cell lining. Although our study did not measure shear 
stresses, our in vitro data quantiﬁed high-energy losses 
in the “zero” offset TCPC design. From hemodynamic 
principles, we know that large shearing stresses lead to 
energy losses and thus from our data it can be inferred 
that energy losses are likely to be signiﬁcant in the TCPC 
without offset. 
Animation 
The in vivo ﬂow data in our study is presented as 
semiquantitative with resolution of three-dimensional 
velocity vector in multiple slices. This gives time-
dependent, directional, and magnitude information 
about ﬂow along the plane of the connection. We believe 
a descriptive account with or without the aid of instan­
taneous images of an inherently dynamic process falls far 
short of an accurate portrayal of ﬂow. Moreover, in many 
of our patients ﬂow disturbances were of a different 
nature in different cardiac phases and hence, no single 
instantaneous frame or series of frames would be repre­
sentative of the complete ﬂow characteristics. An ani­
mated display of such a dataset gives better understand­
ing of ﬂow characteristics to the viewer. Furthermore, 
data can be interactively viewed either in a loop format 
with speed controls or frame by frame advancement as 
determined by the viewer. Thus, an intuitive sense for 
the ﬂow disturbances can be derived that is not achiev­
able by any other means. We believe that our animated 
presentation of representative ﬂow disturbances is a 
useful and currently unique method of sharing complex 
ﬂuid dynamic information. 
Clinical Implications 
Ideally, for designing the optimal geometry of TCPC for 
conserving energy losses, direct in vivo assessment of 
pressure measurement and its correlation with energy 
losses should be done. However, because no method 
enables this, indirect means of assessing ﬂow energetics 
are used. Our in vitro study used glass phantoms in 
which both pressure measurements and ﬂow visualiza­
tion were performed. The study patients yielded in vivo 
semiquantitative ﬂow visualization. With comparative 
analysis of these methods, and keeping in mind anatomic 
space constraints, some cautious clinical implications can 
be made. 
First, our and other studies [13] have shown the advan­
tages of caval offsetting and, we believe, that within any 
given anatomic space constraints, offsetting should be 
incorporated as the ﬁrst step in all TCPC designs. 
Whether the SVC should be offset more toward the left 
PA as in the extracardiac TCPC group or toward the right 
PA as in our intraatrial TCPC group, has not been 
determined by this study. 
Second, if space permits, the TCPC should be ﬂared 
open in all directions. If this is not possible due to space 
constraints then ﬂaring should be done in such a fashion 
that the caval ﬂows are not directed toward each other 
(Fig 9A). Thus, when the SVC is offset toward the left PA, 
the predominant ﬂare should also be toward the left PA 
(Fig 9C). 
Third, in the setting of bilateral SVCs, the two SVCs 
should each be preferentially ﬂared toward the ipsilateral 
PA so as to direct blood peripherally into the pulmonary 
arteries. The ICC connection can be placed between the 
two SVC connections with again outward ﬂaring to direct 
ﬂow toward the branch PAs (Fig 9B). A similar approach 
can be adopted for bringing up hepatic venous drainage 
in the presence of interrupted IVC with azygos continu­
ation. Such a design would allow hepatic venous blood 
distribution to both lungs and possibly prevent develop­
ment of pulmonary arteriovenous malformation. On the 
basis of our in vivo and in vitro studies we would 
consider the design shown in Figure 9C as an optimal 
design. The SVC and the ICC are offset from each other. 
The SVC is ﬂared in all directions but preferentially 
toward the left and the ICC ﬂare is more toward the right. 
We believe that such a design would minimize interac­
tion of ﬂow and may be energy conserving. 
Limitations 
The nature of ﬂow in the TCPC is complex and has 
cardiac and respiratory factors that inﬂuence it, as 
pointed out by Fogel and colleagues [14]. In our study, 
the impact of respiration on ﬂow dynamics was not 
studied and is a limitation as the effects can be signiﬁ­
cant. Instead, in our study each phase was acquired at the 
nadir of respiratory cycle thus minimizing its effect. At 
this time our study is limited to a semiquantitative 
analysis of ﬂow within the TCPC. From our acquired data 
a quantitative calculation of energy loss is possible. 
However, the quantitative methods need validation and 
we are in the process of establishing that validation. The 
complexity of ﬂow disturbances in the TCPC may not be 
fully characterized by studying the ﬂow only along coro­
nal planes and in this regard our study is somewhat 
limited. Time constraints on the magnet prevented us 
from acquiring data in the axial planes along the TCPC 
pathway of our patients. Such an acquisition would have 
been useful for also conﬁrming the ﬂow disturbances 
noted in the coronal planes. 
In conclusion, from this study we found that there is 
disordered ﬂow in the inferior caval conduit of all our 
patients with TCPC. The ﬂow dynamics at the cavopul­
monary connection appear to be geometry dependent. 
Geometries that include caval offset and appropriate 
ﬂaring appear to have favorable ﬂow dynamics both in 
vivo and in vitro. 
We thank Ginny Huber and Joycelyn Wade for their assistance 
in preparation of this manuscript and Kathy Murphy, RN, for 
helping with patient recruitment. 
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